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Abstract 

Background:  Greenhouse cultivation is mainly a monoculture system, which leads to severe soil degradation, with 
significant changes to the structure of the soil microbial community. The present study aimed to determine the 
effects of fertilizer and waterlogging (WL) on the microbial community of soil that was continuously monocropped 
with cucumber in a greenhouse for 3 years (2016–2019). Biolog EcoPlates™ and high-throughput sequencing were 
used to investigate the abundance, structure, and diversity of the soil microbial community.

Results:  Compared with the initial total soluble salt content (8.65 g/kg), total soluble salt content after WL signifi-
cantly decreased to 0.597 g/kg. Compared to control (CK) soil, the abundance of fungal species in the chemical 
fertilizer plus waterlogging (CFWL)-treated soil increased by 40.5%, while bacterial species abundance in the organic 
fertilizer plus waterlogging (OFWL)-treated soil increased by 10.7%. Furthermore, the relative abundance of Arthrobac-
ter, Geobacter, and Bacillus was higher in OFWL-treated soil than CFWL-treated soil (p < 0.01).

Conclusions:  The application of CFWL to greenhouse soil under continuous monoculture produces fungal-domi-
nated soil, whereas OFWL application alone produces bacterial-dominated soil.
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Introduction
Many studies examining land-use change have focused 
on the structure of soil microbial communities [1, 2]. 
Soil microorganisms can promote the decomposition 
of organic matter and the transformation of nutrients, 
thus playing functional roles in maintaining soil nutri-
ent cycling, soil organic fertility, and soil ecosystem sus-
tainability [3, 4]. Greenhouse cultivation is primarily a 
continuous monoculture system [5, 6], which leads to 
severe soil degradation, with significant declines in both 
the yield and quality of crops associated to changes to the 
structure of the soil microbial community [7–9]. Several 
studies have explored the use of agricultural inputs (such 
as quicklime [10], potassium [11], irrigation [12], and 
organic fertilizers [13]) to restore monoculture soil by 
regulating the structure of soil microbiota.

Fertilizers drive changes to the diversity of microbes in 
soil [14]. Many studies have demonstrated that fertilizers 
enhance the fertility and biodiversity of soil [15]. Chemi-
cal fertilizer application increases microbial biomass in 
cropping systems over the long term [16]. Chemical fer-
tilizer plus waterlogging application increases the rich-
ness and diversity of the microbial community, whereas 
when each are applied individually fungal-dominated 
soil forms[4]. Organic manure plus fertilizer applica-
tion with balanced N, P, and K content promotes the 
biomass, activity, and diversity of soil microbes, thus 
enhancing crop growth and production [4, 17]. Differ-
ent fertilizer application strategies have distinct effects 
on the physicochemical and biological properties of 
soil, which, in turn, alter the soil microbial community 

[18, 19]. Previous reports showed that fertilizer applica-
tion can enrich soil nutrients, but also cause secondary 
salinization [20], which is the main factor reducing the 
diversity of soil bacteria and fungi [21]. In contrast, irri-
gation is a major factor affecting salt leaching efficiency 
and water availability. In particular, water migration is 
the main driver for salt ion transport through the soil 
[22]. Irrigation influences the performance of soil micro-
bial communities in terms of microbial growth, biomass, 
and composition [23–25]. Furthermore, Bastida et  al. 
[12] reported that bacterial diversity and plant produc-
tivity are more sensitive to the quantity of water than its 
quality. Thus, waterlogging contributes to the increased 
availability of nutrients in the soil. For instance, a thin 
water layer promotes the abundance of fungi and bacteria 
in continuously cropped soil, thus improving the qual-
ity of degraded soil [26, 27]. However, it remains unclear 
whether the combined application of waterlogging with 
either synthetic or organic fertilization affects the struc-
turing of bacterial and fungal communities in greenhouse 
soil subjected to continuous monoculture.

Greenhouses are suitable environments for crop 
growth and can protect crops from weather damage, 
which allows productivity goals to be met in terms of 
yield and crop quality [28–30]. Greenhouse cultivation 
occupies an important position in global agricultural pro-
duction; however, obstacles associated with continuous 
cropping have seriously impacted its continued develop-
ment [5]. Recent studies showed that the structure and 
function of soil microbial communities are sensitive indi-
cators of soil quality [31]. Therefore, this study aimed to 
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compare the effects of waterlogging alone and combined 
with different fertilizers on the abundance, structure, and 
diversity of bacterial and fungal communities in soil sub-
ject to continuous monoculture. The results are expected 
to provide useful information to support the remediation 
of greenhouse cultivation soil in monoculture systems.

Materials and methods
Treatments and soil sampling
The soil used in the present study was obtained from the 
Jiangsu Coastal Area Institute of Agricultural Sciences 
(33°35′N, 120°15′E). The soil was continuously cropped 
with cucumber from 2016 to 2019 (pH 8.19) in a green-
house. In 2019, four treatments were applied to the soil 
in plots in the greenhouse after harvesting cucumber: 
control (CK, no fertilizer or waterlogging), waterlogging 
(WL, with a thin 5  cm water layer), chemical fertilizer 
(conventional rate of the total amount of chemical ferti-
lizer was 750  kg·ha−1) plus waterlogging (CFWL), and 
organic fertilizer (conventional rate of the total amount 
of organic fertilizer was 1500 kg·ha−1) plus waterlogging 
(OFWL). The N, P2O5, and K2O levels in the chemical fer-
tilizer were all 15% (Zhejiang Huidoli Fertilizer Technol-
ogy Co., Ltd., Quzhou, China). In comparison, the N, P, 
and K levels in the organic fertilizer were all 5%, and the 
organic matter content was 45% (Shanxi Zhongnonghua 
Biotechnology Co., Ltd., Shanxi, China). At the end of 
the cucumber harvest, all plots were cleaned. The solid 
soluble fertilizers were dissolved in the fertilizer tank, and 
were then spread manually on the soil in the plots. The 
treatments were arranged in a completely randomized 
block design, which was repeated in triplicate. Fertiliz-
ers were applied to CFWL and OFWL treatments in this 
study in the amounts routinely used in the field. After two 
months of treatment, soil samples were taken from the 
surface layer (0–20 cm) at random sites, and were pooled 
together. A subsample was air-dried and passed through 
a 60-mesh filter to remove large debris, stones, and stub-
ble, and was subsequently used to determine soluble salt 
content. A second subsample was placed in a sterile bag, 
packed in ice, and was returned to the laboratory within 
12 h, where it was immediately frozen at –80  °C for the 
subsequent analysis of microbial parameters.

Total soluble salt analysis
Total soluble salt (TSS) content was determined accord-
ing to Merkle and Dunkle with some modifications [32]. 
First, water-soluble salts were extracted from a 1:5 mix-
ture of soil and distilled water (w/v). The sample mixture 
was oscillated for 10 min, after which it was filtered. The 
filtered water was treated with 15% H2O2 several times, 
and was allowed to digest. Then, the remaining material 

was placed in an oven at 105 °C until it reached a con-
stant weight. The TSS content of the white crystalline 
powder was calculated using the following formula:

where m1 is the weight of the white crystalline powder 
(g), and m2 is the weight of the soil sample (kg).

Biolog EcoPlate™ analysis
Metabolic functional diversity induced by the different 
treatments was analyzed using Biolog EcoPlate™ [33]. 
Each 96-well EcoPlate™ contained 31 different sole car-
bon sources, with three groups in parallel and three nega-
tive controls. Fresh soil (10.0 g) was added to a triangular 
flask, after which 100  mL sterilized saline (0.85% NaCl, 
w/v) was added to the flask. The flask was then sealed with 
a sterile cotton stopper. The sample was shaken well (30 °C, 
150  rpm, 20  min), and was then centrifuged at 500  g for 
5 min. From the collected supernatant, an aliquot of 5 mL 
was mixed with 45 mL sterilized saline. Each well was filled 
with 150 μL of the diluted supernatant, and was incubated 
at room temperature (25 °C) for seven days in the dark. The 
absorbance of the sample was measured at 590  nm and 
750 nm (Thermo Fisher Scientific, Waltham, MA, USA).

As different microbial species utilize different carbon 
sources [34], the carbon sources in the EcoPlate™ were clas-
sified into six biochemical categories: carbohydrates, amino 
acids, carboxylic acids, polymers, phenolic compounds, and 
amines [34, 35]. The depth of chroma directly reflected the 
ability of the microbial community to utilize the carbon 
source, and was measured using average well-color develop-
ment (AWCD) according to the following formula:

where Ci is the optical density (OD) value at 590  nm 
minus that at 750 nm from triplicate wells, R is the OD 
value of the control well (no carbon source), and n is the 
total number of reactive wells.

Data were collected at 24, 48, 72, 96, 120, 144, and 168 h to 
calculate microbial diversity. The data collected at 96 h were 
also used to assess Shannon’s diversity (H), McIntosh’s equi-
tability (U), and Simpson’s diversity (D) indices for species 
richness, dominance, and evenness in the microbial com-
munities, respectively [17]. The three metabolic functional 
diversity indices were calculated using these three formulae:

TSS(g/kg) =
m1

m2
× 1000

AWCD =

∑n

i=1
(Ci − R)/n

H = −�PilnPi

U =

√(∑
n
2
i

)
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where Pi is the average corrected absorbance of the ith 
well divided by the sum of the absorbance of all wells in a 
plate, and ni is the (Ci–R) value of the ith well.

Molecular analysis
DNA extraction of the soil samples was performed 
using the FastDNA SPIN Kit for Soil (MP Biomedi-
cals, Santa Ana, CA, USA) according to the manufac-
turer’s instructions. Genomic DNA degradation and 
contamination were monitored on 1% agarose gel and 
via spectrophotometry. The V3–V4 region of bacterial 
16S rDNA genes was amplified using the primers 338F 
(5′-ACT CCT ACG GGA GGC AGC AG-3′) and 806R 
(5′-GGA CTA CHV GGG TWT CTA AT-3′). The ITS 
region of fungal rDNA genes was amplified using the 
primers ITS1F (5′-CTT GGT CAT TTA GAG GAA 
GTA A-3′) and ITS2R (5′-GCT GCG TTC TTC ATC 
GAT GC-3′). PCRs were performed in triplicate using 
an ABI GeneAmp® 9700 PCR thermocycler (Applied 
Biosystems, Foster City, CA, USA). Amplicons were 
sequenced by Majorbio Bio-Pharm Technology Co., 
Ltd. (Shanghai, China) using the Illumina MiSeq 
platform (Illumina, San Diego, CA, USA). The raw 
16S rRNA gene and ITS gene sequencing reads were 
demultiplexed and were then quality-filtered by fastp 
version 0.20.0 [36]. The reads were then merged with 
FLASH version 1.2.7 [37] using the following criteria: 
(i) 300 bp reads were truncated at any site receiving an 
average quality score of < 20 over a 50  bp sliding win-
dow, and any truncated reads shorter than 50 bp were 
discarded, reads containing ambiguous characters 
were also discarded. (ii) Only overlapping sequences 
longer than 10  bp were assembled according to their 
overlapping sequence; the maximum mismatch ratio 
of overlapping regions was 0.2; reads that could not 
be assembled were discarded. (iii) Samples were dis-
tinguished according to the barcode and primers, and 
sequence direction was adjusted; exact barcode match-
ing was required, with only two nucleotide mismatches 
allowed in primer matching. Qualified sequences were 
clustered into operational taxonomic units (OTUs) 
at 97% similarity using the UPARSE software version 
7.1 [38, 39]. Based on the OTU information, the rich-
ness and evenness of microbial species were evaluated 
using rank abundance curves. Venn diagrams were 
constructed to compare the shared and unique spe-
cies among the treatments. Circos maps and heat maps 
were used to determine the structure of the bacterial 
and fungal communities at the phylum and genus lev-
els, respectively.

D = 1−
∑

(Pi)
2 Statistical analysis

All assays were performed in triplicate. The results are 
presented as means and standard deviations (SD) of three 
independent experiments, which were calculated using 
Microsoft Excel and SPSS Statistics v. 17.0 software (IBM 
China Company Ltd., Beijing, China). One-way ANOVA 
and Duncan’s multiple range tests were performed with 
SPSS software version 22 (SPSS Inc., New York, USA) to 
evaluate differences in soil microbial diversity and gene 
copies among soil samples. In all tests, a p value < 0.05 
was considered to be statistically significant. Correla-
tions among carbon sources and between species were 
analyzed via principal component analysis (PCA) using 
SPSS. For Biolog data analysis, AWCD values were cal-
culated from daily optical density readings for the three 
groups in parallel. Means (n = 3) of AWCD values were 
used to determine the ability of soil microbes to utilize 
different carbon sources among the four treatments, 
which reduced dimensionality by SPSS used for PCA.

Results
Soluble salt content
The initial soil TSS content was 8.65  g/kg (pH 8.19). In 
contrast, on day 60 of the soil treatments, TSS content 
significantly decreased (Table  1, p < 0.05). Compared 
to that in CK soil, the greatest reductions in TSS were 
detected in WL- and OFWL-treated soils, in which the 
mean TSS values were reduced to 0.597 g/kg and 0.599 g/
kg, respectively (p < 0.05). Overall, OFWL and WL treat-
ments induced a similar reduction in soil TSS content.

Dynamic features of carbon source metabolism
Biolog EcoPlate™ assays showed that the degree of 
change in AWCD was correlated with incubation time, 
with AWCD increasing in a similar manner in all soil 
groups. Over the initial 72  h, the AWCD values of all 
soil groups was relatively low, after which it increased 
and stabilized at 168  h (Fig.  1). CFWL-treated soil had 

Table 1  Total soluble salt content in soil in different treatments 
of the 60th day

CK control, WL waterlogging, CFWL chemical fertilizer plus waterlogging, OFWL 
organic fertilizer plus waterlogging. Differences between means marked by 
different letter (a, b) are significant within four soil groups (p < 0.05; Duncan’s 
test)

Treatments Total soluble salt (g/kg)

CK 1.098 ± 0.200a

WL 0.597 ± 0.232b

CFWL 0.799 ± 0.326ab

OFWL 0.599 ± 0.231b
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the highest AWCD at 168 h (p < 0.05), indicating that the 
microbial community in this soil had the highest rate of 
substrate utilization.

PCA was conducted to determine the relative utiliza-
tion of the six types of carbon sources in the soil groups 
(Fig. 2). PC1 accounted for 88.12% of overall variance, 

and the utilization of the six carbon source types was 
positively associated with it. The utilization of carbohy-
drates, amines, and phenolic compounds was positively 
associated with PC2. In contrast the utilization of car-
boxylic acids, amino acids, and polymers was negatively 
associated with PC2. The relative utilization was almost 

Fig. 1  Changes in average well color development values for soil microbial community. Differences between means marked by different letter 
(a–d) are significant within four soil groups (p < 0.05; Duncan’s test)

Fig. 2  Principal component analysis of six groups of carbon sources by soil microbial community. For different treatments, number 1–7 represent 
the ability of the soil microbes to utilize different carbon sources from day 1 to 7
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similar for all soil groups in the first three days (Fig. 2). 
After this period, the utilization of carboxylic acids, 
amino acids, and polymers was dominant the micro-
biota of OFWL- and WL-treated soils, whereas that of 
carbohydrates, amines, and phenolic compounds was 
dominant the microbiota of CK and CFWL-treated 
soils. Utilization rates of the six types of carbon sources 
differed significantly at different incubation times 
(p < 0.01), whereas those of carbohydrates, amines, 
and phenolic compounds differed significantly across 

treatments (p < 0.01; Table  2). However, the utilization 
of amino acids, carboxylic acids, and polymers did not 
differ significantly among the four soil groups (p > 0.05).

Diversity and evenness of microbial communities
Three diversity indices were calculated using the Biolog 
EcoPlate™ data to investigate the ecological charac-
teristics of the soil microbial communities (Fig.  3). 
Shannon’s diversity (H), McIntosh’s equitability (U), 
and Simpson’s diversity (D) indices of the soil groups 
had the same trend at 96  h, with an overall order of 
CFWL > OFWL > WL > CK. H and U indices differed sig-
nificantly among the soil groups (p < 0.05), whereas the D 
indices were not significantly different between CFWL- 
and OFWL-treated soils (p > 0.05). Thus, CFWL treat-
ment had the highest microbial diversity.

Species abundance of microbial communities
Rank abundance curves were used to elucidate the abun-
dance and evenness of the bacterial and fungal commu-
nity, which were reflected by the length of the abscissa 
(rank) and the curve trend, respectively (Fig.  4). Gen-
erally, bacterial OTUs had a similar curve trend in the 
four soil groups (Fig.  4A). However, the fungal rank 
abundance curve of CK soil exhibited a steep gradient 

Table 2  ANOVA results (p value) of different treatment × incubation time on each carbon source traits of soil

Items Carbohydrates Amino acids Carboxylic acids Polymers Phenolic 
compounds

Amines

Different treatment(D)  < 0.001 0.311 0.078 0.696 0.005  < 0.001

Incubation time(I)  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

D × I  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

Fig. 3  Ecological diversity of soil microbial community in different 
treatments at 96 h. Differences between means marked by different 
letter (a–d) are significant within four soil groups (p < 0.05)

Fig. 4  Bacterial (A) and fungal (B) Rank–Abundance curves in different treated soils
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(Fig. 4B), suggesting lower evenness of fungal species in 
CK soil compared to the soils of the other treatments. 
Moreover, the relative abundance of bacterial OTUs was 
the highest in the OFWL-treated soil (2172), followed by 
CFWL-treated (2161), WL-treated (2094), and CK soils 
(1951). In comparison, the relative abundance of fungal 
OTUs was the highest in the CFWL-treated soil (444), 
followed by OFWL-treated (402), WL-treated (353), 
and CK soils (316). These results indicated that fertilizer 
application with waterlogging increased the abundance 
of bacterial and fungal species in soil.

Amplicon sequencing generated 194,302 and 285,352 
raw reads for bacteria and fungi in the soil, respectively. 
A total of 2705 bacterial OTUs were identified (Fig. 5A; 
Table 3), of which 1263 (46.7%) were shared among the 
four soil groups. A total of 720 fungal OTUs were iden-
tified, of which 146 fungal OTUs (20.3%) were shared 
among the four soil groups, indicating that fertilization 
changed the structure of the fungal community (Fig. 5B; 
Table 3). Furthermore, OFWL-treated soil (2172) had the 
highest species abundance of bacteria, whereas CFWL-
treated soil (444) had the highest species abundance of 
fungi (p < 0.05). Compared to that in the CK soil, the bac-
terial species abundance in OFWL-treated soil increased 
by 10.7%, whereas fungal species abundance in CFWL-
treated soil increased by 40.5%.

Composition of microbial communities
The relative abundances of bacterial and fungal phyla 
among the soil groups was compared (Fig.  6). The rela-
tive abundance was represented as the proportion of 

16  s rRNA and ITS gene reads out of the total number 
of reads. The top six phyla in the soil bacterial commu-
nities were Proteobacteria (33.2–26.7%), Firmicutes 
(20.9–13.5%), Chloroflexi (19.3–11.9%), Actinobacteria 
(18.6–12.1%), Bacteroidetes (15.2–9.4%), and Acidobac-
teria (4.8–3.2%) (Fig. 6A). These results supported those 
in the bacterial community heatmap analysis at the phy-
lum level (Fig. 7A), in which the soil microbial commu-
nity in all treatments was dominated by Proteobacteria, 
Chloroflexi, Bacteroidetes, Firmicutes, Actinobacteria, 
and Acidobacteria. Proteobacteria was the dominant 
phylum in the soil bacterial communities, and had the 
highest relative abundance in CFWL-treated soil (33.2%) 
(p < 0.05). Firmicutes had the highest relative abundance 
in WL-treated soil (20.9%), whereas Chloroflexi had the 
highest relative abundance in OFWL-treated soil (19.3%) 
(p < 0.05). The highest relative abundance of Actinobac-
teria occurred in the CK-treated soil (18.6%) (Fig.  6A; 
p < 0.05). Ascomycota was the dominant phylum in all 
soil fungal communities (93.4–90.8%) (Figs. 6B, 7B). The 
relative abundances of certain fungal phyla increased in 
different soil groups, such as Ascomycota in the OFWL-
treated soil, Basidiomycota in the WL-treated soil, and 

Fig. 5  Venn diagrams of bacterial (A) and fungal (B) OTU richness in different treated soils. Differences between means marked by different letter 
(a–d) are significant within four soil groups (p < 0.05)

Table 3  Bacterial  and fungal OTUs among four soil groups

item a total 
number OTU

a number of 
shared OTU

the proportion 
of shared OTU

Bacterial OTUs 2705 1263 46.7%

Fungal OTUs 720 146 20.3%
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Chytridiomycota in the CFWL-treated soil (p < 0.05) 
(Fig. 6B).

A heat map was constructed to illustrate significant 
changes in genera among the soil groups (Fig.  8). For 
bacteria, the relative abundance of Lentimicrobium, 
Anaerolinea, Methylotenera, Geoalkalibacter, and Sym-
biobacterium was higher in the treated soils than CK soil 
(p < 0.01) (Fig. 8A). The relative abundance of Arthrobac-
ter, Geobacter, and Bacillus was higher in the OFWL-
treated soil compared to CFWL-treated soil (p < 0.01). 
Regarding fungi (Fig. 8B), the relative abundance of Cla-
dosporium was the highest in CFWL-treated soil. The 
genus Cutaneotrichosporon appeared to be more abun-
dant in treated soils than CK soil, while the opposite 
was observed for the genus Chromelosporium (p < 0.01). 
The relative abundance of Spizellomyces and Nectria was 
higher in CK and CFWL-treated soils than in WL- and 
OFWL-treated soils (p < 0.01).

Differences in the species composition of the soil 
microbial communities were analyzed by PCA (Fig.  9). 
CFWL and OFWL groups were clustered together at the 
species level for bacteria, indicating that the distribution 
of bacterial species was similar in these two treated soils. 
At the species level for fungi, WL and OFWL groups 
were located in close proximity, indicating a similar 

distribution of fungal species in WL- and OFWL-treated 
soils.

Discussion
The present study showed that greenhouse cultiva-
tion soil subjected to continuous cucumber cropping 
had typical characteristics of saline soil (TSS 8.65 g/kg). 
Compared to the soil at the start, the TSS content in soil 
declined after applying WL or different fertilizers in com-
bination with WL, especially in WL and OFWL treat-
ments (p < 0.01). This result might be attributed to salt 
partly migrating to the deeper soil layers following persis-
tent irrigation in continuously cropped soil. The highest 
TSS content was recorded in CK soil. Zhang et  al. [40] 
reported that the diversity of microbes decreased with 
increasing soil salinity, with high salinity reducing micro-
bial biomass [41]. Our result also verified that the rela-
tive abundance of microbial communities in CK soil was 
significantly lower than that in the soil under the other 
treatments (p < 0.05) (Figs.  1, 4). Examination of the pH 
in treated soils showed that, compared to CK soil, the pH 
range in the soils under the other treatments was narrow, 
spanning < 0.6 pH units (see Additional file 1: Table S1). 
Wang et al. [42] recently reported that, at the microscale 
level, pH (spanning < 1 pH unit) might not be the main 

Fig. 6  Abundance of bacterial (A) and fungal (B) community at phyla level. Superscripts (a–d) differ significantly (p < 0.05) among different treated 
soils
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Fig. 7  Bacterial (A) and fungal (B) community composition analysed at the phyla level. The color of the square indicates the relative abundance of 
the phyla, ranging from high (red) to low (blue) (* indicates p ≤ 0.05, ** p ≤ 0.01)
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factor determining the biogeographical distribution of 
soil microbial communities.

We used Biolog EcoPlate™ to assess the metabolic 
diversity of continuously cropped soil under differ-
ent remediation treatments. AWCD values denoted 
the consumption of carbon sources by the microbial 

communities, and were used to indicate soil micro-
bial activity [33].We found that CFWL-treated soil had 
the highest AWCD values (p < 0.05), indicating that the 
microbial community had the greatest ability to utilize 
carbon. The main carbon sources utilized by the micro-
bial communities in CFWL-treated and CK soils were 

Fig. 8  Bacterial (A) and fungal (B) community composition analysed at the genus level. The color of the square indicates the relative abundance of 
the genus, ranging from high (red) to low (blue) (* indicates p ≤ 0.05, ** p ≤ 0.01)
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carbohydrates, amines, and phenolic compounds. In 
contrast, the main carbon sources utilized by the micro-
bial communities in OFWL- and WL-treated soils were 
mainly carboxylic acids, amino acids, and polymers. The 
four soil groups displayed similar trends for the Shannon 
(p < 0.05), McIntosh (p < 0.05), and Simpson indices to 
those obtained for AWCD. Thus, the highest diversity of 
the microbial community was found in soil treated with 
CFWL, followed by OFWL, WL, and CK treatments.

Furthermore, the present study applied high-through-
put sequencing technology to derive meaningful infor-
mation about the relationship between soil microbial 
diversity and soil function. We showed that soil bacterial 
biomass was more sensitive to the OFWL treatment than 
to the other treatments. The PCA results revealed similar 
bacterial community structures in OFWL- and CFWL-
treated soils. Ai et  al. [43] reported that Proteobacteria 
are effective rhizosphere and root colonizers, which was 
supported by our findings showing that the relative abun-
dance of Proteobacteria was the highest in soils under 
all treatments, especially CFWL treated soil. Addition-
ally, the relative abundance of Firmicutes was the highest 
in WL-treated soil, which was consistent with the find-
ings of Sanchez et  al. [44], who showed that Firmicutes 
was prevalent in the microbial communities of irrigated 
soil, regardless of the origin of water. Khonde et al. [45] 
also found that Proteobacteria and Firmicutes are able 
to endure environmental stresses in waterlogged soil. 
The present study showed that the relative abundance 
of phylum Chloroflexi was high in OFWL-treated soil. 
This phylum is large, and contains potential phototroph 
bacteria. It is widely distributed across various plant spe-
cies, and is affected by temperature and moisture [46]. 

Species belonging to this phylum play an integral role 
in the biogeochemical chlorine cycle [47, 48]. The pres-
ence of Dehalococcoides-like Chloroflexi has been pre-
viously investigated in soils with different vegetative 
cover [48]. In the present study, the phylum Actinobac-
teria had high relative abundance in CK soil. Sall et  al. 
[49] found that salinity reduced bacterial biomass, but 
increased the biomass of Actinobacteria. Bao et  al. [50] 
found that the relative abundance of Actinobacteria 
increased with decreasing soil fertility. Actinobacteria 
are able to degrade plant residues, especially in less fer-
tile soils [50, 51]. Furthermore, we found that the relative 
abundance of Lentimicrobium, Anaerolinea, Methyloten-
era, and Symbiobacterium was higher in the treated soils 
than in CK soil (p < 0.01). Wang et al. [52] reported that 
Lentimicrobium is required for the continuous removal 
of high concentrations of nitrate. Denitrifying microbial 
communities in the soil of agricultural soil ecosystems 
also respond to waterlogging [42]. Gschwend et  al. [53] 
reported that Anaerolinea responded positively to water-
logging, with limited oxygen availability being identified 
as the main constraining factor of microbial communi-
ties in waterlogged soil. Methylotenera is reportedly the 
key bacterial genus involved in the degradation of cellu-
lar water pollutants by microbes [54]. A previous study 
showed that the abundance of Symbiobacterium, a genus 
of bacteria commensal with Bacillales, increased at the 
final stage of composting when organic matter was thor-
oughly degraded, irrespective of composting conditions 
[55]. We found that the abundance of Arthrobacter, Geo-
bacter, and Bacillus was higher in OFWL-treated soil 
compared to CFWL-treated soil. Arthrobacter can oxi-
dize manganese, which is difficult to remove from the 

Fig. 9  Principal component analysis of bacterial (A) and fungal (B) species level in each treated soil
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environment [56]. Li and Zhou [57] reported that Geo-
bacter plays a key role in regulating the emissions and 
biogeochemical cycling of soil-derived greenhouse gases. 
Finally, Bacillus is an important source of antibiotics, 
enzymes, and probiotics [58]. Our results showed that 
the application of fertilizer or waterlogging could select 
beneficial bacterial organisms in monoculture soil, espe-
cially under the OFWL treatment (Additional file 2).

The highest species abundance of fungi was detected 
in CFWL-treated soil (p < 0.05). PCA showed that the 
structure of the fungal community was similar in WL- 
and OFWL-treated soils. Soil fungal communities were 
mainly classified into five taxonomic phyla, with Asco-
mycota being the most dominant phylum in all soils. The 
relative abundance of Ascomycota, Basidiomycota, and 
Chytridiomycota was the highest in OFWL-, WL-, and 
CFWL-treated soil, respectively (p < 0.05). Ascomycota 
taxa might be better at colonizing a wide range of envi-
ronments compared to other taxa. This group can uti-
lize a higher number of resources than other taxa [59]. 
Basidiomycota is a group of fungi that has highly diverse 
ecological strategies, including ectomycorrhizas, plant 
pathogens, and saprotrophic fungi [60, 61]. Chytridiomy-
cota species can survive variation in osmotic potential 
that may occur during the wetting and drying phases of 
soils [62]. Our results showed that the genus Cutaneotri-
chosporon had a higher abundance in treated soils than 
CK soil. The opposite trend was obtained for the genus 
Chromelosporium (p < 0.01). The genus Cutaneotrichos-
poron can convert lignocellulose into microbial lipids 
[63]. Lizarazo-Medina et al. [64] reported that the highest 
abundance of Chromelosporium was found in leaves and 
roots under greenhouse conditions. Furthermore, the 
highest relative abundance of Cladosporium was detected 
in CFWL-treated soil in the present study (p < 0.01). Itur-
rieta-González et  al. [65] reported that Cladosporium 
includes fungi that are pathogenic to plants, animals, and 
humans. We also found that the abundance of the gen-
era Nectria and Spizellomyces, which are reportedly plant 
pathogenic fungi [66, 67], was higher in CK and CFWL-
treated soils compared to WL- and OFWL-treated soils 
(p < 0.01). These results concurred other recent stud-
ies demonstrating that the application of chemical fer-
tilizer results in the excess growth of pathogenic fungi 
[68], whereas the application of organic fertilizer reduces 
their abundance [69]. However, the associations among 
soil fertility, crop productivity, and microbial diversity 
require further investigation (Additional file 3).

Conclusions
In conclusion, this study demonstrated that the applica-
tion of fertilizers or waterlogging treatment can increase 
the richness, diversity, and abundance of bacterial and 

fungal communities in greenhouse soil subjected to con-
tinuous monoculture. The CFWL treatment induced 
the highest abundance of fungal soil species, resulting 
in the excessive growth of pathogenic fungi. However, 
the OFWL treatment induced the highest abundance of 
bacterial soil species. Fungi have a competitive advantage 
over many bacteria because of their ability to adapt to 
changes in nutrient input; thus, the microbial community 
of CFWL-treated soil had the greatest ability to utilize 
carbon. Overall, coupling fertilizers (especially organic 
fertilizer) with short-term waterlogging could facilitate 
the development of healthy soil microbiota (bacterial-
dominated) in greenhouse cultivation soil under mono-
culture systems. However, the mechanism underlying the 
different microbial patterns following waterlogging with 
either synthetic or organic fertilization treatment must 
be elucidated.
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